encoding N-CAM-140 (Murray et al., 1986) . The nature of the remaining extracellular coding region of the human muscle transmembrane protein isoform awaits further characterization of cDNA clones. The restriction maps of these further clones have some similarity with the 5' EcoRl fragment of 11, but from restriction mapping there appears to be some sequence heterogeneity at the 5' ends of the cDNA clones.
To ascertain the mRNA transcript from which each cDNA clone was derived a Northern blot hybridization analysis was undertaken. Both the transmembrane and non-transmembrane probes hybridized to mRNA transcripts of 6.7, 5.2, 4.3 and 2.9 kb from a mixed human myoblast/myotube culture and of 7.2 and 6.7 kb from human embryonic brain tissue. Both probes failed to hybridize to any RNAs from human fibroblasts or lymphoblastoid cells. To relate cDNAs to the RNA transcripts of origin, specific subfragment probes were utilized. The transmembrane, 3' terminal fragment of clone A4.4 hybridized specifically to 6.7 and 6.7 and 7.2 kb transcripts from muscle and brain, respectively, whereas the 3' untranslated fragment of the full length clone hybridized to muscle transcripts of 5.2, 4.3 and 2.9 kb. Thus N-CAM transmembrane isoforms in muscle are encoded by a 6.7 kb transcript and by 6.7 and 7.2 kb transcripts in brain tissue. A probe derived from the MSDl region only hybridized to non-transmembrane N-CAM isoforms from muscle cultures (5.2, 4.3 and 2.9 kb) and MSDl was not expressed in any additional mouse brain or human brain transcript. The expression of MSDl appears to be specific to muscle and its expression is restricted to myotubes, myofibres and denervated myofibres.
The isolation of cDNA clones encoding the full-length amino acid sequence of a human skeletal muscle non-transmembrane N-CAM isoform will now enable the development of expression models in vitro. Through study of these systems, the functional role of homophilic binding in myotube formation, innervation and reinnervation following neural injury may be clarified and in particular the role of the additional extracellular domains in muscle development may be defined.
This work was supported by the Muscular Dystrophy Group of Great Britain and the Wellcome Trust. F.S.W. is a Wellcome Trust Senior Lecturer. Barthels, D., Santoni, M-J.. Wille, W., Ruppert, C., Chaix, J-C., ing phorbol esters, has been implicated in the regulation of cell secretion, the modulation of membrane conductance, functional modification of receptors and other components of the signal transduction machinery, and the control of gene expression (reviewed by Nishizuka, 1984 Nishizuka, , 1986 . PKC was purified to apparent homogeneity, and considered to be a single molecular entity until recent molecular cloning analysis predicted the enzyme to exist as a family of multiple subspecies, having closely related structures Coussens et al., 1986; Ono et al., 1986a,b; Knopf et al., 1986; Makowske et al., 1986; Ohno et a/., 1987; Housey et al., 1987) . The relationship of the complementary DNA (cDNA) clones isolated in this laboratory to those of the 625th MEETING, LONDON laboratories cited above has been discussed previously (Ono et a[., 1 9 8 7~; Kikkawa et al., 1 9 8 7~) .
The complete primary structures of four subspecies, having a-, bl-, PII-and ysequences, have been elucidated by sequence analysis of the cDNAs obtained from a rat brain library (Kikkawa et al., 1987a, 19876) . In addition, chromatography on an hydroxyapatite column has permitted the resolution of purified samples of rat brain (Huang el al., 1986; Ono et a[., 1987a; Kikkawa et al., 1987a) and rabbit brain PKC (Jaken & Kiley, 1987) into three separate protein kinase fractions. The correspondence of the rat brain enzymes isolated by this procedure to the PKC subspecies predicted on the basis of molecular cloning analysis was identified by transfecting the monkey kidney COS 7 cell line with plasmids containing the different cDNA sequences, followed by partial purification and resolution of the PKC subspecies (Kikkawa et al., 1 9 8 7~) .
Type 1 PKC (the first peak of PKC activity eluting from the hydroxyapatite column, analogous to that of Huang et al., 1986 ) is encoded by y-cDNA sequence, type 11 (second peak) is an unresolved mixture of two enzymes encoded by PI-and fill-cDNA sequences, and type 111 (third peak) is encoded by a-cDNA sequence. Fig. I summarizes the common structural characteristics and features of these enzyme subspecies. The enzyme subspecies type I( y), H(p1 and Bll) and Ill( a ) are encoded by genes located on different chromosomes , whereas type Il(p1) and type II(/?Il) are derived from a single gene by alternative splicing of a common mRNA transcript (Ono et al., 1986b , 1 9 8 7~) .
These subspecies have not yet been separated by conventional enzymological techniques, but have been studied by transfection of COS 7 cells with the respective cDNA-containing plasrnids, and can be distinguished by polyclonal antisera raised against unique peptide sequences at the C-terminal end of the two subspecies (K. Ogita, unpublished work; Shearman etal., 1987; Ase etal., 1988) . The two enzymes show similar sensitivities to Ca2 +, diacylglycerol and phospholipid, and when purified from rat whole brain are present in the approximate ratio of 1:7.5. Each enzyme subspecies consists of four constant (Cl-C4) and five variable (Vl-V5) regions. Regions Vl-V3 probably constitute the regulatory domain and C3-VS the catalytic domain. The N-terminal end appears to be blocked. The C1 region contains a tandem repeat of six cysteine residues, which is analogous to the 'zinc finger' structural motif that is present in some DNA-binding proteins (Berg, 1986) . Although all subspecies of PKC are dependent on calcium and phospholipid binding for their activity, no primary sequence within the regulatory domain offers itself as an obvious structure for this purpose. Knowledge of the secondary and tertiary structures of the enzyme molecules are thus needed to clarify this point.
The majority of PKC sequences reported in the literature can be categorized into the above group. Housey et aI. (1987) , however, have reported a clone, RP16, which appears to be distinct from those described above, and recent work in this laboratory has detected the existence of four new cDNA sequences which resemble, but are different from, those described above (Ono et al., , 1988 . It is clear then, that the extent of diversity of the PKC enzyme family is not fully recognized at present.
A differential regional pattern of expression of PKC in brain tissue was documented in the early studies of Blumberg and colleagues on the autoradiographic distribution of [3HH]phorbol 12,13-dibutyrate (PDBu) binding in calf (Nagle et al., 1981) and mouse brain (Nagle & Blumberg, 1983) , and later by Snyder and colleagues in rat brain (Worley et al., 1986a,b; . lmrnunocytochemical studies with polyclonal antisera raised against a purified, unresolved mixture of PKC subspecies, suggested that the enzyme was present in discrete cellular compartments (Girard et al., 1985; Wood et al., 1986) . After the discovery of multiple PKC subspecies by cDNA sequence analysis, hybridization studies in situ using probes complementary to the different cDNA sequences revealed that some of the PKC transcripts exhibited a differential regional and cellular distribution in brain tissue (Brandt etal., 1087) .
Regulatory domain
Protein kinase domain -- Fig. I . The common strircturul characteristics of four subspecies of protein kinase c' isolated from rat brain tissue Analysis of clones obtained from a rat brain cDNA library predicted the complete primary structures of four enzyme subspecies. Chromatography of a purified enzyme preparation from rat whole brain tissue on an hydroxyapatite column allows the resolution of three distinct enzyme fractions. Type 11 enzyme is a mixture of two enzymes which derive from alternative splicing of a common mRNA transcript. V, variable region; C, constant region; c, cysteine residue; M, metal ion; G, glycine residue; K, lysine residue; X, any amino acid.
ATP-binding site
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Vol. 16 We have investigated the distribution, in discrete areas of rat central nervous tissue, of the four PKC subspecies described above, by biochemical and immunological analysis of partially purified and resolved subspecies, and by immunohistochemical studies with subspecies-selective monoclonal antibodies and polyclonal antisera. Table 1 shows the relative activity of the enzyme subspecies isolated from the cytosolic (soluble) component of a number of tissue areas. A distinct regional expression of the enzyme subspecies is apparent. Type I( y ) enzyme is most prevalent in the cerebellum, whereas it is detected only in low amounts in the spinal cord (cervical region). Type I1 enzyme represents the highest percentage activity in all regions tested, with the exception of the cerebellum. As mentioned above, this enzyme is a mixture of two subspecies, encoded by /?l-and /HI-cDNA sequences, which can be distinguished by subspecies-specific polyclonal antisera (Shearman et al., 1987; Ase et a[., 1988) , and quantified by Western blotting analysis. In all regions tested, the type II(/?II) subspecies was the major enzyme, with the type 11( /?I) subspecies being present at particularly low levels in the cerebral cortex and hippocampus. Type 111 enzyme showed the least regional variation.
Monoclonal antibodies were raised which were found to react selectively with the type I( y ) enzyme, the type II(/?I and /?I]) enzyme and one which reacts equally with all three enzyme fractions. Using a mixture of these antibodies, protein-kinase-C-like immunoreactive material was found to be discretely localized and primarily associated with neurones in a large number of areas of the rat central nervous system (Kitano et al., 1987; Saito et al., 1988) . Using the monoclonal antibody selective for the type I( y ) enzyme, and the polyclonal antisera against the type II(/?I) enzyme, immunohistochemical analysis of the rat cerebellar cortex showed a clear cell-specific expression of these two enzymes (Fig. 2) . Type I( y ) enzyme is present in the Purkinje cell bodies, dendrites (which extend into the molecular layer) and axons (not clearly visible in the section shown in the Figure) , whereas type 11( /?I) enzyme is present in the granular layer, where it is mainly associated with granule cell bodies. These unique staining features represent an example of differential enzyme expression which is also apparent in other regions of Cerebellar sections were prepared as described by Saito et al. ( 1988) , and stained by the peroxidase-antiperoxidase method. ML, molecular layer; PL, Purkinje cell layer; GL, granule cell layer. the brain, and also in non-neuronal cell populations such as lymphocytes (N. Berry, unpublished work). A similar such finding in the rat brain has also been reported by MochlyRosen et al. (1987) , who have obtained monoclonal antibodies against a purified, unresolved mixture of protein kinase C, which specifically react with neuronal and/or astroglial cell populations in an area-dependent manner. These antibodies show some characteristics similar to the ones described in this paper, yet also exhibit distinct variations. Clearly, the use of a panel of antibodies directed against different epitopes will be necessary to obtain an overall, 'processed picture of the distribution of the PKC subspecies. This paper has briefly described the molecular heterogeneity and differential regional and cellular expression of PKC subspecies, that is apparent in central nervous tissue. When considered in conjunction with recent experimental findings which show that the enzyme subspecies isolated from brain tissue possess individual biochemical properties and a characteristic mode of activation (Huang et al., 1986; Jaken & Kiley, 1987; Sekiguchi et al., 1987; Sekiguchi et al., 1988) , then a rational basis presents itself for reinterpreting, and attempting to explain the diverse physiological roles of PKC that have been reported in many different cell types. Clearly, it is essential to use the appropriate resolved enzyme subspecies in future functional studies. 
